ABSTRACT Glyphosate (N-phosphonomethylglycine) was readily transported in sugar beet plants (Beta vulgaris L., Klein E type, monogerm). Concentrations in sink leaves reached 2.5 to 13.7 micromolar in 10 hours from a 15 milllar solution suppHl to one mature leaf. Distribution of glyphosate followed that of IFHlsucrose used as a marker for materials transported by phloem, indicating that this is the primary means for distribution of glyphosate. Possible mechanisms of entry into the sieve tubes were evaluated using isolated leaf discs. Concentration dependence of uptake and kinetics of exodiffusion from tissue indicate a passive, nonfacilitated mechanism. Uptake was not affected by pH, eliminating the passive, weak acid mechanism. Permeability of the plasmalemma to glyphosate was calculated as 1.7 x 10-10 meters per second. This characteristic would allow slow entry and exit from the phloem, and together with other physiological parameters of the plant, is postulated to allow accumulation and transport in the phloem.
Glyphosate,2 a nonselective post-emergence herbicide, has been shown to be phloem-mobile in several species. This mode of distribution has been concluded from experiments in which labeled glyphosate followed a typical source-sink relationship when applied to leaves (6, 7, 13, 15, 16) . Phloem-mobility of glyphosate in sugar beet plants was also found in this study. Transport of any xenobiotic substance in the phloem must be preceded by its entry into the symplast. The mechanism of entry into the symplast will be a major factor in determining both its phloem mobility and distribution throughout the plant. The purpose of this study was to investigate possible mechanisms of cellular uptake and phloem transport of glyphosate. Results with isolated leaf tissue support a passive, nonfacilitated uptake of glyphosate into cells. An intermediate permeability mechanism, described by Tyree et al. (14) , is suggested for phloem transport of glyphosate based on permeability calculations of plant cell membranes to glyphosate.
MATERIALS AND METHODS
Plant Material. Sugar beet plants (Beta vulgaris L., Klein E type monogerm) were grown 6 to 8 weeks in a mixture of equal amounts of sand and Jiffy-Mix. Plants were watered twice daily with nutrient solution as described by Snyder and Carlson (11) with the following modifications. KH2PO4 at 1 mm was omitted, the concentration of KNO was increased to 3.5 mm, and the concentration of H3BO3 was increased to 20.6 pM. Plants were grown in a growth chamber with a 14-h light period at 24 C and ' Supported by a grant from Monsanto Agricultural Products Co.
'Abbreviation: glyphosate, N-phosphonomethylglycine. Mylar discs, 1 cm in diameter, were placed over the sucrose. Areas under the Mylar discs were kept wet by adding H20 during the experiment. Glyphosate was added as a solution containing the surfactant MON 0818 (Monsanto Agricultural Products) at 1.5% w/v and 1.1% w/v monoisopropylamine. Final glyphosate concentration was 15 mm. A total of 4 ,uCi [14C]methylglyphosate, 0.5 ,uCi umol-1 (Monsanto Agricultural Products), was added to unabraded areas of the leaf in 25-pl drops with a microsyringe and not covered with Mylar discs. After 6 h, the leaves, crown, beet, taproot, and fibrous roots were separated and frozen. Plant parts were homogenized in deionized H20, 1 ml H20/0.2 g fresh weight.
The homogenate was centrifuged at 17,300g for 5 min and the pellet was extracted twice with 0.5 N NH40H, 1 ml NH4OH solution/0.4 g fresh weight. Aliquots of the combined supernatant solutions were assayed for both 3H-and "4C-labeled materials using dual-isotope scintillation spectrometry. Concentrations were calculated using 1 g fresh weight equivalent to 1 ml. at pH 6.5. After 3 h uptake, each set of three discs was transferred to 300 ,ll buffer every 10 min for 2.5 h. After exodiffusion, discs were counted as for concentration series. Radioactivity released in each transfer was determined by liquid scintillation spectrometry. The amount of glyphosate in a leaf disc at the beginning of each 10-min interval was calculated by summing the amounts exodiffused during that time interval, all subsequent intervals, and the amount of glyphosate remaining in the disc at the end of exodiffusion. (Fig. 4) . Autoradiographs of leaf discs (Fig. 5) (Fig. 6 ). There were two phases of efflux from leaf tissue, each consistent with the passive permeation model. The second phase probably represents efflux from the cytoplasm and vacuoles. It has a half-time of 389 min with a range of 128 Using the half-time of exit for the cell contents inside the plasmalemma, the permeability of the plasmalemma to glyphosate can be calculated using the following equation (14), where V1 = volume of cytoplasm, V2 = volume of external solution, and A = surface area of membrane. Since, in this case, V2 is much larger than V1, the second factor reduces to one. V1 and A can be calculated assuming mesophyll cells are 35-,um diameter spheres and cells are tightly packed in seven cell layers in leaf tissue. Substituting, V1 = 12.7 x 10-9 m3 and A = 22.1 x lo-in2, P* = 1.7 x 10 0 m s_ with a range of 0.83 x 10-10 m s51 This calculation was confirmed using influx of glyphosate in pH dependence experiments at pH 6.7 and the following equation 
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DISCUSSION
Glyphosate was readily transported throughout the plant within the first several h when applied to leaves (Fig. 3) (Fig. 1) .
Any xenobiotic material transported in the phloem must first enter the symplast. Brecke One passive mechanism for accumulation in the phloem is the weak acid mechanism (3). Glyphosate has four ionizable groups with pK values of less than 2, 2.6, 5.6, and 10.6 (12) . Net charges on the molecule at pH values midway between adjacent pK points are 0, -1, and -2, respectively. Net charge on the molecule would increase as it moved from cell wall space at a slightly acidic pH into the sieve tubes, at pH about 8 for sugar beet (5). The weak acid mechanism predicts a higher permeability toward the less charged species. Ifthis phenomenon were occurring, uptake would be expected to be greater from a solution lower in pH. This was shown for the diffusional uptake of IAA and 2,4-D, which increased with decreasing pH (10) . However, pH of the external solution had no effect on uptake of glyphosate into leaf discs over the pH range 4.5 to 9.7. Therefore, it was concluded that the weak acid mechanism does not play an important role in phloem transport of glyphosate. A second passive mechanism explaining accumulation and transport in the phloem is the intermediate permeability mechanism (9, 14) . A substance capable of penetrating the sieve tubes, but to which membranes are not so permeable that the substance can easily leak out of the phloem and be carried away in the transpiration stream, will be distributed throughout the plant in the phloem. In the roots and other terminal sinks where transport slows to a halt, the chemical will slowly leak out of phloem and be re-circulated in xylem. Such a substance is classified as ambimobile (9). Tyree et al. (14) calculated an optimum permeability for a simplified model of a plant exhibiting this mechanism using an equation relating ambimobility to permeability. This relationship depended on several factors: linearized length of the plant (L), length of the phloem in the source leaf (1), radius of sieve tubes (r), and average daily translocation velocity (V). The radius of sieve tube alone, not including the contribution of companion cells, was used to calculate the flux into the phloem, which could affect the estimate of the optimum. Using the following values for 10-10 m s-1, slightly lower than the theoretical optimum, but still within the range of permeabilities for which the measure of ambimobility is high (see Fig. 4, ref. 14) . In contrast, an increase in permeabiity from the optimum results in a rapid decline in ambimobility. The assumption is made that permeability toward glyphosate of mesophyll cells, which constitute the bulk of the leaf, is ofthe same magnitude as that for sieve tubes. We concluded that an intermediate permeability mechanism can be used to explain phloem transport of glyphosate.
